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Abstract 
 
Nowadays, climate change is globally faced crisis. Consequently, as a carbon neutral new 
renewable energy source has a lot of attention. Therefore, anaerobic digestion is caught 
renewed interest as the method of disposing organic waste and water and producing energy.   
Also, Acidogenic fermentation of organic waste (sewage sludge, food waste, animal 
manure and so on) can give a desirable selection for sustainable, eco-friendly and economic 
production of volatile fatty acids (VFAs), that have many industrial applications (bioplastic, 
biofuel, biochemical).  
This study investigated the simultaneous effects of hydraulic retention time (HRT) and pH 
on the fermentative production of VFA from food waste leachate using response surface 
analysis. The response surface approximations (R2 = 0.895, p < 0.05) revealed that pH has a 
dominant effect on the specific VFA production (PTVFA) within the explored space (1–4 day 
HRT, pH 4.5–6.5), with HRT being poorly correlated with the PTVFA response. 
 The independent variables shared a weak interdependence, and the maximum response 
was estimated to be 0.26 g total VFAs/g COD at 2.14-day HRT and pH 6.44. The maximum 
response was experimentally validated by running triplicate reactors under the estimated 
optimum conditions, and a comparable PTVFA value (0.28 g total VFAs/g COD) to the model 
prediction was observed. 
 The mixture of the filtrates recovered from these reactors was further tested as an 
alternative carbon source for denitrification, among the most practical applications of waste-
derived VFAs. The fermentation filtrate demonstrated superior denitrification potential, in 
terms of reaction rate and lag length for nitrogen removal, to other carbon sources including 
acetate and methanol most commonly used in practice. 
 Overall, the outcomes of this study provide useful information for better design and 
control of continuous fermentation processes for producing waste-derived VFAs. This potential 
may have practical implications, for example, in providing a sustainable alternative to 
expensive carbon sources conventionally used for denitrification. 
  
 
 
 
ii 
 
  
CONTENTS 
 
Abstract ................................................................................................................. i 
List of Figures ..................................................................................................... iv 
List of Tables ....................................................................................................... vi 
Chapter 1. Introduction ...................................................................................... 1 
1. Trend of organic waste treatment ................................................................................ 1 
2. Biological production of volatile fatty acid ................................................................. 4 
3. Biological nitrogen removal .......................................................................................... 6 
4. Objectives of the study .................................................................................................. 8 
Chapter 2. Material and Methods ..................................................................... 9 
1. Response surface analysis (RSA) design ..................................................................... 9 
2. Continuous fermentation reactor operation ............................................................. 13 
3. Denitrification test ....................................................................................................... 16 
4. Analytical methods ...................................................................................................... 18 
Chapter 3. Results and Discussion .................................................................. 19 
1. Explored optimal condition of fermentative FWL ................................................... 19 
1.1 Effect of pH and HRT on VFAs production ..................................................... 19 
1.2 Response surface modeling ................................................................................ 28 
1.3 Experimental validation of optimal point ........................................................ 31 
2. Batch denitrification test ............................................................................................ 34 
2.1. Denitrification profiles ...................................................................................... 34 
2.2. Nitrogen removal kinetics ................................................................................. 36 
Chapter 4. Conclusions ..........................................................................40 
  
 
 
 
iii 
 
  
REFERENCES .................................................................................................. 41 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
iv 
 
  
 
List of Figures 
 
Figure 1. The schematic diagram for anaerobic digestion flow ..................................... 1 
Figure 2. The diagram about A2O process ....................................................................... 6 
Figure 3. Faced-centered design space for response surface anlaysis ......................... 12 
Figure 4. The fermentation reactor and devices ............................................................ 13 
Figure 5. The food waste leachate ................................................................................... 14 
Figure 6. Batch denitrification test ................................................................................. 16 
Figure 7. VFAs production profile at 4 day HRT (A): pH 4.5, (B): pH 5.5, (C): pH 6.5
 ........................................................................................................................................... 20 
Figure 8. VFAs production profile at 2.5 day HRT (A): pH: 4.5, (B) – (D): pH: 5.5, (E): 
6.5........................................................................................................................................ 23 
Figure 9. VFAs production profile at 1 day HRT (A): pH 4.5, (B): pH 5.5, (C): pH 6.5
............................................................................................................................................. 25 
Figure 10. VFA composition at steady state in the FWL fermentation runs tested under 
different HRT and pH condition ..................................................................................... 26 
Figure 11. Two- and three-dimensional contour plots of the response surface for PTVFA
............................................................................................................................................. 30 
Figure 12. VFA compostion at steady state in the FWL fermentation runs tested under 
estimated optimal condition ............................................................................................. 31 
Figure 13. VFA pro portion average in triplicate reactor at steady state in the FWL 
fermentation runs tested under estimated optimal condition ....................................... 32 
  
 
 
 
v 
 
  
Figure 14. NO3--N and NO2--N removal profile over time in the batch denitrification 
tests ..................................................................................................................................... 34 
Figure 15. NO3--N Gompertz modeling graph ............................................................... 37 
Figure 16. NOX-N Gompertz modeling graph ............................................................... 38 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
vi 
 
  
 
 
 
 
List of Tables 
 
Table. 1 In South Korea organic waste treatment facility (unit: number of anaerobic digestion 
facility, Source: Ministry of Environment in Korea) ......................................................................... 3 
Table. 2 Physicochemical characteristics of FWL used as substrate. ...................................... 14 
Table. 3 Shown the statistical significance of the PTVFA response surface model coefficient. . 28 
Table. 4 Modified Gompertz model parameters estimated for the denitrification runs tested
 .............................................................................................................................................................. 38 
  
 
 
 
1 
 
  
Chapter 1. Introduction 
 
1. Trend of organic waste treatment 
Climate change is the globally faced crisis nowadays, and more than 80% of energy requirement of 
whole earth is provided by fossil fuel, and in contrast, the supply rate of new renewable energy is just 
remained around 13% (International Energy Agency(IEA), 2010). Consequently, as carbon neutral new 
renewable energy source is searched for, attention is given to the energy which can be obtained from 
organic waste. Related with this, anaerobic digestion which is classified as biochemical process is the 
technology applied to industry from the early 20th century, and recently, it is caught renewed attention 
and interest as the method of disposing organic waste and producing energy.  
 
 
Figure 1. The schematic diagram for anaerobic digestion flow 
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Anaerobic digestion process is shown in the following Figure 1 and its schematic chemical reaction 
(case of glucose) is described in Equation (1).  
C6H12O6 → 3CO2 + 3CH4     (1) 
 
Sequential processes are generated in accordance with the interaction of various microorganisms, 
and in the first step, the materials with complicated structures (carbohydrate, protein, fat, and so on) are 
converted into the materials with simpler types (glucose, amino acid, and so on) by hydrolysis 
microorganism. The materials decomposed in this way produce acid, and it is changed into volatile 
organic acids (acetic acid, propionic acid, butyric acid, and so on) by fermentation microorganisms, and 
together with this, by-products such as ammonia, carbon dioxide are also produced. Finally, the biogases 
with the type of CH4, CO2 are produced. This gas has the advantage of producing heat and electricity 
through cogeneration. This anaerobic digestion has the advantages of requiring less energy and 
producing smaller quantity of sludge compared to aerobic digestion.  
Therefore, advanced countries such as Europe and USA endeavor to raise the ratio of new renewable 
energy in their countries by utilizing the anaerobic digestion. (Pierre et al. 2008) 
Even in the South Korea, ocean disposal of animal manure, sewage sludge became impossible since 
2012 in accordance with London Convention and ocean dumping of food waste was totally prohibited 
in 2013, therefore, it becomes urgent to provide efficient inland disposal method. Consequently, the 
facility in which biogas is produced from organic waste resources and utilized is steadily increased 
recently. (Ministry of Environment South Korea, 2015) In connection with this, these increased facilities 
are arranged in Table 1 by classifying into food, food waste leachate, animal manure, sewage sludge, 
and co-digestion. As can be seen from this Table, the increasing trend of co-digestion method is stronger 
than the single digestion method for other wastes, and it can be interpreted as the resultant phenomenon 
of its advantages of possessing higher stability than the single digestion method and mixing and 
disposing the materials with high and low biodegradability simultaneously. 
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Table. 1 In South Korea organic waste treatment facility (unit: number of anaerobic 
digestion facility, Source: Ministry of Environment  in Korea) 
Division Total Food 
Waste 
Food 
Waste 
water 
Animal 
manure  
Sewage  
sludge 
Co-
digestion 
2012 57 57 9 7 20 19 
2013 61 61 12 7 20 18 
2014 71 71 15 8 21 25 
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2. Biological production of volatile fatty acid 
 
Volatile fatty acid is the fatty acid with short chain composed of 6 or less than 6 units of carbons 
and it can be evaporated in general atmospheric condition. (APHA, 1992) Representative volatile fatty 
acids are acetic acid, propionic acid, and butyric acid. These volatile fatty acids can be applied to various 
sectors such as bioplastic(Mengmeng et al. 2009), biochemical material, biofuel(Uyar et al. 2009) , and 
so on, and additionally, they can be utilized for biological nutrient removal process(Xiong et al. 2010)  
Therefore, they are produced through chemical method and widely utilized for commercial purposes. 
However, the volatile fatty acid can also be produced through biological method, and this has the 
advantage in terms of new renewable energy. In this occasion, sugars such as glucose are generally 
utilized as the main source and as it can be obtained from organic waste resources such as sewage sludge, 
food waste, livestock manure, and so on, this method can be applied pro-environmentally and 
economically from the viewpoint of disposing the waste.  
Biological generation process of volatile fatty acid is passed though the stages of hydrolysis and 
acid generation, and it is mainly generated by the microorganisms such as baceriocides, clostridia, and 
enterobacteraceae in various microorganisms groups. (Weiland 2010) 
In order to increase the production yield of organic acid which is produced through biochemical 
reaction, the factors such as pH, temperature, HRT, organic loading rate, and so forth shall adequately 
be adjusted.  
In the acidic condition with the pH of less than 3 or alkaline condition with the pH of more than 12, 
acid-forming bacteria cannot be survived (Liu et al. 2012), and the condition in the range of 5-11 is 
known to be the appropriate condition.(Lee et al. 2014)  In addition, pH exerts a lot of influence not 
only to the production quantity of organic acid but also to its composition as well, and at this moment, 
the ratios of acetic acid, butyric acid, and propionic acid are indicated differently with each other in 
each of the different pH ranges in accordance with the type of waste. (Bengtsson, Hallquist et al. 2008) 
Each condition is divided in accordance with the set up range of temperature, and 4-20℃ is 
classified as psychrophilc (Maharaj and Elefsiniotis 2000), 20-50℃ as mesophilic (Maharaj and 
Elefsiniotis 2000), 50-60℃ as thermophilic (Mengmeng et al. 2009), and 60-80℃ as extreme/hyper- 
thermophilic(Yu et al. 2014). It is generally known that as temperature is increased, so is the production 
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quantity of organic acid (Zhang et al. 2009), and as the temperature becomes higher, rapid production 
speed is realized as more influence is exerted to the activation of acid-forming microorganism when 
compared to the low temperature condition. However, in high temperature, required energy quantity is 
large, therefore, from the economical viewpoint, mesophilic condition is more appropriate. (Yu et al. 
2002)In addition, unlike pH, the influence exerted to the composition of organic acid in accordance 
with temperature condition is considerably small, and it is judged that temperature does not make great 
influence to microorganism. (Yuan et al. 2011) 
Retention time is one additional index exerting very great influence to organic acid production 
through the acid fermentation of wastes. In this case, there is an advantage that when the retention time 
is extended, the reaction time between the wastes and microorganism is increased. Therefore, as an 
example, when conducting the volatile fatty acid production test by utilizing organic fraction of 
municipal solid waste as substrate, there was the test result that if HRT was extended to 2-6 days, the 
production yield of volatile fatty acid was increased. (C. Sans et al. 1995)However, from the test of 
generating organic acid by utilizing food waste, there was also the test result that the relation between 
the increase of HRT and production quantity was not considerably meaningful(Lim et al. 2008), and 
even in this case, it can be said that calculating appropriate retention time in accordance with substrate 
is important. As in the case of pH, composition of organic acid is changed in accordance with retention 
time, therefore, for the production of specific organic acid, test shall be proceeded by matching pH and 
retention time to the appropriate condition for each substrate.  
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3. Biological nitrogen removal 
In order to prevent the eutrophication of river or natural water, the concentration of nutrient 
discharged from sewage treatment plant is strictly restricted. In this case, the method of biologically 
removing nitrogen is one of the physicochemical methods widely applied because it is effective and its 
cost is inexpensive. (EPA 1993) Representative examples of these technologies are predenitrification 
(Anoxic/oxic), modified Bardenpho, Bio-denitro, sequencing batch reactor (SBR), oxidation ditch (OD), 
step feeding, anaerobic/anoxic/aerobic (A2O), and so forth, and among these, A2O process is shown in 
Figure 2.  
 
 
 
Figure 2. The diagram about A2O process 
 
Conventional nitrogen removal of microorganism is basically divided into the nitrification process 
which is independent nutrition reaction and denitrification process which is dependent nutrition reaction. 
To begin with, in the 1st stage of nitrification process, ammonia (NH4+) is oxidized to nitrite (NO2-) 
through hydroxylamine (NH2OH) by ammonia-oxidizing bacteria (AOB). At this moment, Membrane 
– bound ammonia monooxygenase (AMO) and hydroclamnine oixdoreductase (HAO) are included in 
the reaction. In the 2nd stage, nitrite is oxidized to nitrate (NO3-) by Nitrite-oxidizing bacteria (NOB), 
and in this process, membrane-bound nitrite oxidorecutase is included. The chemical reaction formulas 
for these are shown in the Equation from (2) to (4).  
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NH3 + O2 + 2[H] → NH2OH + H2O     (2) 
 
NH2OH + 0.5O2 → NHO2 + 2H+ + 2e-      (3) 
 
NO2- + 0.5O2 → NO3-     (4) 
 
The denitrification reaction generated in anoxic condition is restored to NO3- and NO2-, and finally, 
changed to nitrogen gas, and at this moment, the methanol, acetic acid, organic material, and so forth 
in the waste water are utilized as electron acceptor. (Equation 5, 6)  
 
2NO3- + 10H+ + 10e- → N2 + 2OH- + 4H2O     (5) 
 
2NO2- + 6H+ +6e- → N2 + 2OH- + 2H2O     (6) 
 
Therefore, in order to have effective nitrogen removal, the available carbon in the nitrogen treatment 
waste water is important. However, a lot of difficulties are encountered while removing the nitrogen as 
the available carbon is not sufficient in the ordinary municipal wastewater. (Jetten et al. 2002) Therefore, 
the carbon source such as methanol is supplied from outside, and due to this, operation cost is eventually 
increased.  
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4. Objectives of the study 
 This study had the following three specific aims: 
 
1. Assess the simultaneous effects of HRT and pH on the acidogenic fermentative 
production of VFAs from the food waste leachate  
2. Locate the optimum operating conditions for maximum VFAs yield. Correlation 
between HRT or pH and the VFA productivity were analyzed by response surface analysis 
3. Additionally, the fermentation filtrate recovered from the culture under the estimated 
optimum condition was examined for its potential as an external carbon source for denitrification 
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Chapter 2. Material and Methods 
 
1. Response surface analysis (RSA) design 
For this test, surface response analysis method is implemented in order to confirm the 
influence of HRT and pH. In general, the surface response analysis method is the statistical and 
mathematical technique which quantitatively analyzes the influence exerted simultaneously 
and compositively to dependent variables (process efficiency, targeted product, and so on) from 
multiple independent variables (operation condition, environmental factor, and so on). 
Therefore, it is effectively utilized for the optimization of process and operation condition 
possessing specific objective, and by effectively selecting the limited number of test points, the 
statistical and mathematical model which simulates/forecasts the dependent variables change 
pattern in accordance with the independent variables change in the design section can be 
deduced.  
When the level of ith factor is called as ζi, the relation between the treatment combination 
(ζ1, ζ2, ζ3 … ζk) for k factor and response value y is expressed with the following Equation (7).  
Y = f(ζ1, ζ2, ζ3 … ζk) + e     (7) 
Where, 
y: observed response 
ζ1: variable i (i = 1, 2, … k) 
e: random error  
At this moment, if the factors corresponded to the treatment combination are called as 
independent variable and response value y is called as dependent variable, and e as error item, 
the expectation value for the response value y can be obtained from the following Equation (8).  
E(y) = η = f(ζ1, ζ2, ζ3 … ζk)     (8) 
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Where,  
E(y), η: response variable 
The formula such as the Equation (8) is called as response surface formula.  
When independent variables and dependent variables have the first linear relation, they can 
be expressed as the first model or the second model (Equation 10) along with the following 
Equation (9).  
η=bo+Σbiζi      (9) 
where, 
bi: regression coefficients of the independent variables 
bo: regression constant of the model 
 
η=bo+Σbiζi+Σbiζ2i+ΣΣbijζiζij     (10) 
 
At this moment, the following conversion (Equation 11) for the level ζ of ith factor can be 
considered. 
χi=ρiζi+qi (ρi and qi are certain constants.) Equation(11) 
 When expressing the response surface formula with this newly converted variable, the 
variable χi is called as sign variable, and the lower level of sign variable χi always becomes -1, 
and the upper level becomes +1.  
 Response surface analysis (RSA) is a series of procedures of collecting data, expressing 
them with the equation of the second degree, judging the adequacy of model, improving the 
test design or model when inappropriate, and adding required test, and if there isn’t almost any 
curved surface in the area to be tested, it is expressed with the equation of the first degree, and 
then, when the area where optimum point is located is discovered, the equation of more than 
the second degree shall be applied, because the response surface has curvature.  
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 If optimum point is to be discovered from the response surface expressed in the Equation 
(12), the resultant simultaneous equations shall be solved after equating the partial derivative 
for each independent variable of this response surface function to 0.  
 
y=βo+Σbiζi+Σbiζ2i+ΣΣbijζiζij      (12) 
 
The solutions of k units of simultaneous equations obtained in this way are called as peaks, 
however, they may not necessarily be the optimum points.  
In addition, this test is conducted with central composite design which is most widely used 
nowadays, and it is the response surface design test which is used, and the central composite 
design is the factorial design with central point or fractional factorial design, and several axis 
points with which the curvature can be estimated are added. Consequently, the test is designed 
as shown in Figure 3. When using the central composite design such as this, the first term and 
the second term can effectively be estimated, and the response variable modeling with 
curvature can be accomplished by adding central point and axis point to the factorial design 
which was previously carried out. As the central composite design can frequently be 
constructed by adding axis point and central point to the previous factorial test, it is especially 
useful for sequential test, however, it has the disadvantage that error can be generated to the 
test result when the test cannot be performed in stable state condition on account of too much 
tests to be progressed. In connection with this, 9 points with different HRT and pH condition 
are shown in Figure 3 in accordance with central composite design. The range of HRT and pH 
are established through references examination and each of their ranges is 2.5 ± 1.5 days and 
5.5 ± 1.0 respectively.  
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Figure 3. Faced-centered design space for response surface anlaysis 
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2. Continuous fermentation reactor operation 
For the central point among the 9 test points previously designed by RSA, 3 times of 
repetition tests were conducted. The fermentation reactor used for this test is shown in Figure 
4.  
 
Figure 4. The fermentation reactor and devices 
 
As for the test condition, the device was operated with the reaction capacity of 1ℓ, and 
temperature was set up as middle temperature condition (35 ± 2℃) and the pH range which 
was set up for the test was maintained via pH pump with NaOH solution of 10M concentration 
because of the pH dropping due to the generation of organic acid. In the case of the food waste 
leachate used in this test as substrate, the water which was flowing down to food waste storage 
hopper in the biogas anaerobic digestion plant processing 100 tons of food waste and 50 tons 
of animal manure daily in Ulsan district was utilized, and this is shown in Figure 5 and FWL 
Physicochemical properties shown in table 2. 
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Figure 5. The food waste leachate 
 
Table. 2 Physicochemical characteristics of FWL used as substrate. 
 
Parameter Unit Value Parameter Unit Value 
Total COD g/L 155.1 (8.7)a Carbon % 45.0 (0.0) 
Soluble COD g/L 91.4 (0.5) Hydrogen % 6.9 (0.0) 
Total solids g/L 125.6 (0.7) Oxygen % 33.6 (0.2) 
Volatile solids g/L 108.3 (0.6) Nitrogen % 3.7 (0.1) 
Suspended solids g/L 48.0 (0.0) Sulfur % 0.4 (0.0) 
Volatile suspended solids g/L 44.0 (0.0) C/N ratio  12.0 (0.3) 
Total carbohydrate g/L 42.9 (0.9) Total volatile fatty acids mg/L 4,742 (275) 
Soluble carbohydrate g/L 29.3 (0.5) Acetate mg/L 3,918 (234) 
Total nitrogen mg/L 505 (36) Propionate mg/L 224 (77) 
Total phosphorus mg/L 1,069 (11) Butyrate mg/L 125 (5) 
pH  4.48 Ethanol mg/L 20,826 (31) 
ª Standard deviations are in parentheses. 
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Therefore, this test was progressed by filling 100% of the food waste water into the reaction 
device from the beginning without conducting the vaccination. For the analysis and collection 
of data, normal state data were secured through the analysis of the samples collected for more 
than 3 times at each of the different points of times after the 3 turn over, that is, when 3 rounds 
of HRT were elapsed. Finally, in order to verify experimentally the HRT and pH condition with 
optimum state obtained through the response surface model, the model estimation value and 
test value were compared by performing triplication test. 
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3. Denitrification test 
Denitrification test was progressed as batch test, and it is shown in Figure 6.  
 
 
 
Figure 6. Batch denitrification test 
 
The denitrification sludge used at this moment was collected from the full-scale nitrogen 
treatment process anoxic reactor and utilized as vaccination bacteria. In addition, for comparing 
the denitrification efficiency of fermentation product obtained from the optimum fermentation 
condition through this test, acetic acid, i.e., the substrate which is easily used by microorganism, 
methanol which is used from general denitrification process as external carbon source, and 
commercial carbon source (OC) which is used by the facility whose sludge is collected for this 
test were utilized for progressing the test. At this moment, fermentation product was filtered 
with 0.2 um size filter for utilization and total 3 times of repetition tests were conducted.  
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Consequently, the concentration of nitrogen waste water was set up as 50 mg NO3—N/L 
by filling the artificially manufactured nitrate waste water (10mL), denitrification sludge (2mL), 
and carbon source (50mL) into each of the test bottles, and final concentration of carbon source 
is established as 350mg COD/L and total reaction capacity of 100mL was accomplished by 
utilizing distilled water.  
The biomass quantity of vaccinated sludge was 172mg Volatile suspended solids (VSS)/L 
and the C/N ratio for the test was set up as 7 based on reference examination (Xie et al. 2012)  
For all test bottles, the oxygen in headspace was eliminated with nitrogen, and the initial 
pH range was adjusted between 7.3 and 7.7, and additional pH adjustment was not conducted 
afterward. All test bottles were cultivated at normal temperature, and sample was collected 
with syringe needle while agitating with hand intermittently with the time interval of 3 hours. 
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4. Analytical methods 
COD concentration was measured with HS-COD-MR kit (Humas, Daejon, Korea).  
Total nitrogen and total phosphorus concentrations were determined using HS-TN(CA)-H and HS-
TP-H kits (Humas), respectively.  
The C, H, O, N, and S contents (on a dry weight basis) were determined by an elemental analyzer 
(Flash 2000, Thermo Scientific, Delft, The Netherlands).  
Carbohydrate was measured by the phenol-sulfuric acid method (Dubois, Gilles et al. 1956). 
 VFAs were quantified using an Agilent 7820A gas chromatograph (Palo Alto, USA) coupled with 
a flame ionization detector and an HP-Innowax column (Agilent).  
The concentrations of nitrite and nitrate were determined by an ion chromatograph (Dionex ICS-
1100, Thermo Scientific, Sunnyvale, USA) coupled with a Dionex Ionpac AS14 column (Thermo 
Scientific, USA) using a solution of 3.5 mM Na2CO3 and 1 mM NaHCO3 as eluent. 
 Samples for measuring soluble carbohydrate and COD, VFAs, nitrite, and nitrate were prepared 
red according to the 
Standard Methods (APHA-AWWA-WEF. 2005).  
All analyses were performed at least in duplicate. 
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Chapter 3. Results and Discussion 
1. Explored optimal condition of fermentative FWL 
1.1 Effect of pH and HRT on VFAs production 
 
From 9 different operation conditions designed by RSA, total 11 times of continued fermentation 
process were operated by utilizing the FWL as substrate. Concentration change of fermentation product 
for the operation period in accordance with different pH for HRT 4 days condition is shown in Figure 
7. 
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Figure 7. VFAs production profile at 4 day HRT (A): pH 4.5, (B): pH 5.5, (C): pH 6.5 
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From the condition of pH 4.5, acetic acid and ethanol could be observed as prevailed, and very low 
VFAs production was observed when compared to different pH conditions. 
 When pH was 5.5, the level of butyric acid was reached to its maximum during the middle phase 
of operation period, however, it was rapidly reduced after the 3 turn over, and main portion of total 
volatile fatty acid were caporic acid and acetic acid.  
Finally, from the condition of pH 6.5, the highest level of total volatile fatty acid was produced, and 
large quantity of long-chain fatty acid was generated when compared to other conditions. As the 
composition of fatty acid, butyric acid and caporic acid could be confirmed as prevailed. In the case 
of the ethanol as a fermentation product, high con centration was steadily maintained regardless of 
pH.  
The second test was progressed at HRT 2.5 days, and in this case, total 3 times of tests were 
conducted at pH 5.5 condition which was the central point in accordance with central composite design 
method and they are shown in Figure 8. 
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Figure 8. VFAs production profile at 2.5 day HRT (A): pH: 4.5, (B) – (D): pH: 5.5, (E): 6.5 
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From this operation, as in the previous case of HRT 4.5 days, when pH was 4.5, the lowest TVFAs 
production yield was indicated, and so was the same pattern for the composition.  
From the condition of pH 5.5, slightly different aspect from the previous test could be observed, and 
for the 3 times of test, the highest portion was occupied by butyric acid, and the generation quantity of 
the fatty acids (valeric acid, caporic acid) with longer chain structure was conspicuously increased. This 
is considered to be caused by the problem of maintaining the pH level which was generated during the 
progress of the previous test.  
Finally, the highest portion was occupied by butyric acid even from the condition of pH 6.5, and 
followed by the mass generation of propionate. The highest quantity was indicated even at this moment.  
The result of HRT 1 day condition is indicated in Figure 9 with graph and even in this case, low 
yield, acetic acid, and ethanol were prevailed at pH 4.5. At higher pH, the quantity of butyric acid was 
the highest, and from the condition of pH 6.5, as in the case of the previous result, propionate was the 
next. 
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Figure 9. VFAs production profile at 1 day HRT (A): pH 4.5, (B): pH 5.5, (C): pH 6.5  
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Therefore, it could be confirmed that the composition and pattern of fermentation product in 
accordance with each of the reactor operation conditions were somewhat divided in accordance with 
pH, and it could be estimated that the production yield of fermentation product became larger at higher 
pH. In addition, it could be confirmed that the net-production was not indicated by ethanol when 
comparing the quantity contained in the substrate used for this test (20.8 g/L) and the quantity of 13.6 
± 1.5 g/L which was the result of averaging the result values of all tests regardless of fermentation 
condition.  
On the basis of the data under steady state for each of the operation conditions, the outline of total 
volatile fatty acid (C2-C6) excluding ethanol is shown in Figure 10. Based on this figure, the lowest 
production quantity of total volatile fatty acid could be identified (8.6-12.0 COD g/L) from the test with 
pH 4.5, and at this moment, it could be confirmed that the portion of acetic acid was more than 93%. In 
addition, it could be understood that this acetic acid had the tendency of decreasing (10-47%) as pH 
was increased, and the portion of long-chain VFAs was increased and the increasing quantity of butyric 
acid was conspicuous.  
 
Figure 10. VFA composition at steady state in the FWL fermentation runs tested under 
different HRT and pH condition 
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This result is corresponded with the result of the previous research on acid fermentation that acetic 
acid and butyric acid are prevailed over the product of volatile fatty acid. (Ren et al. 2007)It can be 
explained that the change of metabolic pathway is reflected to the difference of the characteristics of 
fermentation, and at least in this area, it is appeared that influence is exerted to organic acid production 
as influence is directly applied to the activation of key enzyme by Ph (Feng et al. 2009) In addition to 
this, the pKa value of organic acid is known to be around 4.8, and the suppression of the production of 
organic acid at pH 4.5, and the toxicity of unassociated VFAs in connection with HRT may have exerted 
adverse influence to the growth of microorganism by permeating the cell membrane.(Warnecke and 
Gill 2005) 
Although the decomposition of far more substrate is induced by the long HRT in theory, it is not 
necessarily required for the increase of organic acid production.  
From the test conducted under the condition of pH 6.5, the highest level of VFA quantity (33.9 -
36.7 COD g/L) could be observed, and this was by far the higher value when compared to other 
conditions. This result is corresponded with the result of previous study that maximum value is indicated 
at pH 6 which is near to the neutrality for generating organic acid by utilizing food waste. This result 
can be explained in connection with the pH dependence portion of hydrolase as the activation point of 
this enzyme is near to pH 6. (Jiang et al. 2013) 
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1.2 Response surface modeling 
 
In the case of surface response analysis, the test data for gradually complicated multinomial was 
substituted, and the process of selecting optimum response surface model was sequentially performed. 
The optimum operation condition identification for maximum VFAs on the basis of response surface 
model was calculated with the value of VFAs generation quantity (PTVFA) which is defined as the 
chemical oxygen demand (COD) of fed substrate per the quantity of the generated TVFAs.  
Table. 3 Shown the statistical significance of the PTVFA response surface model coefficient. 
Terms Coefficient F-value p-value 
Intercept   0.16   
X1  –1.313 × 10-3  9.294 × 10-3 0.9269 
X2   0.083 36.88 0.0017 
X1X2  –0.011  0.43 0.5396 
X1
2  –0.046  4.92 0.0773 
X2
2   0.021  1.01 0.3618 
    
Model p-value R2 APa 
Regression 0.0174 0.895 8.993 
Lack-of-fit 0.0712   
a Adequate precision. 
 
It could be understood that surface response analysis model was satisfactorily matched with the test 
result, and at this moment, the result was R2 = 0.895, p < 0.05, and the model with sufficiently high 
accuracy could be obtained as the lack of fit value was also more than 0.05. In addition, it could be 
confirmed that there was not a large difference between the estimation value and test result of the model. 
For this model, the adequacy-of-precision value was 8.993, and the objective of this adequacy-of-
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precision is to measure the relative average error for the response range, therefore, if this value is higher 
than 4, it is generally recommended as an accurate model.  
The value of X1 is the first term of HRT and it could be confirmed that it was not significant based 
on the fact that the P-value at this moment was more than 0.05. On the contrary, the P-value of the first 
term of pH was less than 0.01, i.e., 1% α-level. This result indicates that pH gives more significant 
influence to PTVFA than the HRT.  
When reviewing the Figure 11, it can be confirmed that the response value is rapidly increased 
together with the increase of pH and the two has the proportional relation. 
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Figure 11. Two- and three-dimensional contour plots of the response surface for PTVFA 
 
On the other hand, it is indicated that the axis of HRT and the contour line of model are further 
elongated also. The pattern of this contour line suggests that the mutual dependency between the HRT 
and pH is very weak, and the P-value of the mutual relation corresponded to the result X1X2 is more 
than 0.50, which is very high.  
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The contours run up towards the upper central part to indicated the maximum production 
concentration of 0.26 g total VFAs/g CODf at 2.14 day HRT, pH 6.44 that is similar to the observed 
PTVFA value in operation condition at 2.5 day HRT, pH 6.5 
1.3 Experimental validation of optimal point 
 
3 reactor were operated to verify through test the optimum condition estimated in accordance with 
response surface analysis, and the concentration and composition of total volatile organic acid are 
shown in Figure 12 and the composition ratio of total volatile organic acid is shown in Figure 13. 
 
Figure 12. VFA compostion at steady state in the FWL fermentation runs tested under 
estimated optimal condition  
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Figure 13. VFA pro portion average in triplicate reactor at steady state in the FWL 
fermentation runs tested under estimated optimal condition 
 
When the reaction was settled at normal state, the concentration of total volatile organic acid for the 
3 times of repetition test was 46.1, 47.0, and 43.0 g COD/L respectively, and the deviation between the 
result values was confirmed to be within 10% range. In addition, when reviewing the composition of 
total volatile organic acid, it was composed of acetic acid (26%), propionic acid (26%), and butyric acid 
(26%) whose carbon numbers were 2-4 units, and the occupation ratio of another type of volatile organic 
acid (0-1%) was low. 
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These acids are all easily available carbon sources for denitrification bacteria (Jiang et al. 2013)  
and their reaction stoichiometry and kinetic characteristics in denitrification have been described in 
previous studies (Li et al. 2015) 
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2. Batch denitrification test  
 
2.1. Denitrification profiles  
The denitrification test results using four different carbon sources are presented in Figure 14.  
 
Figure 14. NO3--N and NO2--N removal profile over time in the batch denitrification tests  
With (A): the fermentation filtrate, (B): acetate, (C): methanol, (D): OC (commercial product)  
 
In the case of the filtered material of the fermentation product which was obtained from the optimum 
condition calculated from test, 36 hours were taken for completely removing NOX-N which was the 
shortest time. Followed by this, 48 hours were taken for acetic acid, 78 hours for OC, and in the case of 
methanol, the reaction was completed after elapsing 90 hours which was the longest. The point to pay 
attention at this moment is that methanol is, in general, one of the carbon sources which are most widely 
utilized in the denitrification process, and in the case OC, it is composed of more than 95% of methanol 
on the basis of COD equivalence ratio as a commercial material. When comparing this result to the one 
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previously progressed for denitrification test by utilizing different carbon source (P. Elefsiniotis, D. Li 
2006), it is corresponded to the fact that as far as reaction time is concerned, methanol is not the 
optimum material as a carbon source.  
When conducting the test by utilizing methanol and OC, the NO2—N concentration was maintained 
at 5mg/L or below, which means that the nitrite nitrogen generated through the restoration of nitrate 
nitrogen was directly utilized and the restoration speed of nitrate nitrogen was slow.  
On the contrary, together with the concentration reduction of nitrate nitrogen, the phenomenon of 
conspicuous accumulation of nitrite nitrogen was observed from the test of utilizing the filtered material 
of fermentation product and acetic acid, and this means that the decomposition speed of nitrate nitrogen 
is relatively fast.  
Interestingly, as far as the removing speed of nitrite nitrogen is concerned, the filtered material of 
fermentation product was much faster than the acetic acid, however, in the case of the removing speed 
of nitrate nitrogen, 33 hours was taken for complete removal from the two carbon sources. This result 
suggests that the fermentation filtrate is more efficient for removing the nitrite nitrogen than acetic acid. 
The quantity of COD consumed during the denitrification process was in the range of 4.4 -5.8 g COD/g 
N.  
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2.2. Nitrogen removal kinetics  
The NO3−-N and NOX-N removal profiles were further described by fitting the observed 
denitrification data to a modified Gompertz equation (eq. 13) for each carbon source tested as previously 
described (Fan et al. 2004). 
𝑆0 − 𝑆 = 𝑆0 ∙ exp [−exp {
𝑅m ∙ 𝑒
𝑆0
(𝜆 − 𝑡) + 1}]     (13) 
 
where S0 is the initial nitrogen concentration (mg/L), S is the residual nitrogen concentration at time 
t (mg/L), Rm is the maximum nitrogen removal rate (mL/d), 𝜆 is the lag phase length (hour), and t is 
the incubation time (hour). 
The modified Gompertz result shown the figure 15, 16 and the model parameters estimated for the 
denitrification run test shown the table 5. 
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Figure 15. NO3--N Gompertz modeling graph 
With (A): the fermentation filtrate, (B): acetate, (C): methanol, (D): OC (commercial product) 
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Figure 16. NOX-N Gompertz modeling graph 
With (A): the fermentation filtrate, (B): acetate, (C): methanol, (D): OC (commercial product) 
 
Table. 4 Modified Gompertz model parameters estimated for the denitrification runs tested  
Carbon source Rm (mg/L∙h)  𝜆 (hour)  qm (g/g VSS·h)a 
 NO3−-N NOX-N  NO3−-N NOX-N  NO3−-N NOX-N 
Fermentation filtrateb 2.78 5.28  10.98 25.05  0.0162 0.0308 
Acetate 2.92 3.30  12.74 27.72  0.0170 0.0192 
Methanol 0.85 0.87  21.68 29.23  0.0050 0.0051 
OCc 0.82 1.09  16.23 27.78  0.0048 0.0048 
a qm, the maximum specific nitrogen removal rate calculated by dividing Rm by the concentration of 
inoculated denitrifying biomass. 
b Mixture of the filtrates recovered from the cultures fermented under the estimated optimum 
conditions. 
c Commercial product (ETEC Korea, Korea) used in the full-scale facility from which the inoculum 
biomass was obtained. 
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The R2 of curve fitting was >0.96 for all test runs. Therefore modeling results are reliable.   
 In the case of the fermentation filtrate and acetic acid, it could be confirmed that on the basis of 
Rm value, when compared to methanol and OC, the removing speed was more than 3.6 times faster for 
NO3--N, and more than 6.1 times faster for NOX-N. At this moment, the Rm value of the fermentation 
filtrate was 1.6 times larger than acetic acid, and in the case of NO3--N, the speeds of the two carbon 
sources were similar. This is supplemented by the observation result of the previous Figure 14 that in 
the case of the removing speed of NO2--N, the fermentation filtrate was faster than the acetic acid. 
Additionally, the fermentation filtrate retained the shortest lag phase time for both of the NO2--N and 
NO3--N.  
Specific-nitrogen removing speed (qm) was calculated by dividing Rm value with the biomass 
quantity of vaccination bacteria (172 mg VSS/L). Based on denitrification test, it can be confirmed that 
the fermentation filtrate is, in general, the most effective object compared to other carbon sources for 
reaction time and the length of lag phase. Although acetic acid has often been reported to result in the 
fastest nitrogen removal among synthetic chemicals, some demonstrated that waste-derived VFAs had 
superior denitrification potential (Lee et al 2014) corresponding to our observations. This is presumably 
due to the synergistic effects of other substances than VFAs present in the fermentation mixed liquor 
(Lee et al 2014) 
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Chapter 4. Conclusions  
 
The effects of HRT and pH on the continuous fermentation of FWL for producing VFAs under 
mixed-culture conditions were examined by RSA. A response surface model for PTVFA was constructed 
based on the fermentation data (R2 = 0.895, p < 0.05), and the individual and combined effects of the 
independent variables were statistically evaluated. The model showed that pH has a more significant 
influence than HRT on the PTVFA response within the explored design space. Model prediction was 
experimentally validated by examining triplicate reactors at the estimated optimum operating condition 
for maximum PTVFA.  
The fermentation filtrate mixture recovered from the reactors, rich in VFAs, was tested as an 
alternative carbon source for denitrification in comparison with acetate, methanol, and OC. Although 
complete nitrogen removal was achieved with all carbon sources tested, the fermentation filtrate was 
revealed to be the most effective in terms of both reaction rate and lag length for nitrogen removal.  
The overall experimental results suggest that the constructed response surface model can provide 
helpful information for better control of continuous acidogenic fermentation of FWL. Such a potential 
could have useful implications for optimizing the productivity of VFAs, a promising alternative carbon 
source for denitrification. 
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